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This study recommends strategies to reduce the delay time and increase comfortability 
of Autonomous Car (AC)-Autonomous Truck (AT) mixed traffic. Several scenarios were 
tested to evaluate the effects of Adaptive Cruise Control (ACC)/Cooperative Adaptive 
Cruise Control (CACC) on Autonomous Vehicles’ (AVs) delay time, merging time and 
comfortability using sensitivity analysis. Also, the simultaneous effects of different 
percentages of ATs and various time gaps on the delay time were analyzed. The study was 
conducted on a 5.25 km-long freeway including a merge area using AIMSUN. It was found 
that 1) increasing the sensitivity to speed and distance errors was not an appropriate 
strategy since not only it did not reduce the delay and merging times, but it also decreased 
the comfortability, 2) shorter time gaps between AVs and between platoons decreased the 
delay and merging times, but it decreased the comfortability of AVs. Hence, there is a 
trade-off between reduction in delay time and driver’s comfort in shorter time gaps, 3) 
Maximum platoon size did not affect the delay and merging times significantly, while it 
increased the comfortability. Thus, a higher maximum platoon size can be effective, 4) 
cooperative lane-changing (CLC) led to the highest increase in speed of AVs in the on-
ramp and the merge sections. However, CLC caused less comfortability, and 5) as the 
percentages of ATs increased, longer time gaps could be adopted for AVs so that the delay 
time reduced more significantly. In general, shorter time gaps and CLC decreased the delay 
and merging times, while both decreased the comfortability. And, higher maximum platoon 
size did not affect the delay and merging times, while increased comfortability. Thus, it is 
recommended to develop more advanced AV control strategies with the balance between 
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CHAPTER 1 INTRODUCTION 
 Overview 
Connected and Autonomous Vehicle (CAV) is an emerging vehicle technology which 
will bring significant benefits to traffic operation and safety in future transportation system. 
CAVs can detect the surrounding environments through on-board sensors and wireless 
communication with other vehicles and infrastructure (Olia et al., 2018; Rosique et al., 
2019; Montanaro et al., 2019). This information is used to control CAVs’ speed, 
acceleration and distance to surrounding vehicles. 
Among different driving assistance systems for CAVs, Adaptive Cruise Control (ACC) 
determines car-following maneuvers of CAVs. ACC automatically controls the following 
vehicle’s acceleration and speed based on the distance and speed difference between lead 
and following vehicles (Qin and Wang, 2019). Furthermore, Cooperative Adaptive Cruise 
Control (CACC) integrates ACC with vehicle-to-vehicle (V2V) communication such that 
CAVs cooperate with other CAVs to reduce the delay and avoid conflicts (Olia et al., 2018). 
For instance, CACC forms vehicle platoons where multiple CAVs move at uniform speed 
with short and safe distance. Platoons of CACC-equipped vehicles (defined as “CACC 
vehicles”) can improve traffic flow, reduce shockwaves, and enhances road safety 
(Montanaro et al., 2019). Also, CACC coordinates the movements of merging vehicles 
from an on-ramp (defined as “ramp vehicles”) and the vehicles in the mainline freeway 
upstream of the ramp (defined as “mainline vehicles”) to reduce the delay at a merge area. 
In particular, as vehicle merging maneuver typically causes traffic breakdown in congested 
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condition (FHWA, 2005), CACC can potentially prevent traffic breakdown at a freeway 
merge area through cooperation between the ramp and mainline vehicles. 
In this regard, some researchers demonstrated that CACC can reduce the delay at a 
merge area through cooperative lane-changes (Pueboobpaphan et al., 2010; Liu et al., 
2018a and 2018b; Ladino and Wang, 2020). They suggested that CACC can voluntarily 
increase the gap between the lead and following mainline vehicles to create more gap for 
the ramp vehicles to merge. They also suggested that CACC can trigger lane-changing of 
the mainline vehicles (to inner lanes) to create more gaps for the ramp vehicles and thereby 
reduce their merging time. 
However, CACC can rather increase the delay at a merge area. For instance, long CACC 
platoons decrease the available gaps among the mainline vehicles and prevent the ramp 
vehicles from merging (van Arem et al., 2006; Liu et al., 2018a). Also, when the ramp 
vehicles “cut in” before the followers in CACC platoons in the mainline, CACC vehicles 
are required to switch from automated mode to manual mode if there is no sufficient time 
gap (Ramezani et al., 2018). Thus, this transition of car-following mode can disrupt the 
flow of CACC platoons in the mainline.   
Moreover, these studies mainly focused on CACC passenger cars and did not consider 
heterogeneity of CACC vehicles (i.e., Autonomous Cars (ACs) and Autonomous Trucks 
(ATs)). Recently, Transport Canada and the University of California Berkeley’s Partners 
for Advanced Transportation Technology (PATH) tested truck platooning technology 
using CACC and found that truck CACC reduced fuel consumption in some tested 
conditions (McAuliffe et al., 2017). Some studies investigated the effect of ATs on the 
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delay using traffic simulation models. For instance, Ramezani et al. (2018) found that ATs 
increased not only the average truck speed, but also the average car speed. On the other 
hand, Calvert et al. (2019) reported that AT platooning had negative effect on traffic 
performance at a merge area. In particular, longer AT platoons significantly increased the 
ramp vehicles’ merging time in congested traffic. However, these studies only considered 
the traffic mix of manual passenger cars/trucks and ATs, but not ACs.  
In fact, there exist differences in vehicle performance between ACs and ATs even with 
automated driving due to larger size and heavier weight of ATs than ACs. Thus, it is 
expected that higher percentage of ATs in a mixed traffic of ACs and ATs will increase the 
delay. This is similar to the effect of truck percentage on the delay in a car-truck mixed 
traffic of human-driven vehicles (HVs). However, the impact of trucks on traffic 
performance is likely to be different between HV-only and AV-only traffic due to V2V 
communication and connectivity.  
Thus, there is a need to examine the impacts of ATs on the delay at a merge area in AC-
AT mixed traffic. Moreover, there is a need to investigate how to adjust various CACC 
controlling parameters and implement cooperative lane-changing strategies to decrease the 
delay when the percentage of ATs is higher.  
The objectives of this study are 1) to identify the factors affecting the interaction 
between ACs and ATs, and the delay in a merge area in different mix of ACs and ATs, 2) 
to evaluate the impacts of controlling parameters of ACs and ATs on the delay, and 3) to 
recommend the strategies to control ACs and ATs to reduce the delay time and merging 
time at a merge area while considering the drivers’ comfort. For these tasks, the CACC and 
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cooperative lane-changing will be implemented and tested using the AIMSUN microscopic 
traffic simulation model (Transport Simulation System, 2020). 
 Organization of Thesis 
This thesis is organized into five chapters as follows: Chapter 2 reviews the literature 
on manual mode and autonomous car-following models and cooperative lane-changing 
models. Chapter 3 describes the car-following and lane-changing models used in AIMSUN 
and the scenarios for the sensitivity analysis. Chapter 4 presents the results of different 
scenarios and discusses the impacts of controlling factors of ACs and ATs on the delay, the 
average acceleration of individual AVs and the merging time. Chapter 5 lists conclusions 




CHAPTER 2  LITERATURE REVIEW 
This chapter reviews the existing car-following models in manual (HVs) and automated 
modes (AVs), which have been used in microscopic analysis of CACC. The effects of 
CACC on traffic operation at a merge area and the existing cooperative lane-changing 
models used in microscopic analysis are also discussed. 
 Manual Mode Car-following Model 
Although CAVs are normally operated in automated mode (i.e., CACC model controls 
car-following behavior), they are required to switch to manual mode in the AIMSUN 
model for the following conditions: 1) when the calculated deceleration in automated mode 
is lower than the maximum desired deceleration in automated mode and 2) when CAVs 
change lanes (lane-changing is not automated in AIMSUN). In the former conditions, 
manual mode car-following (CF) models are used in microsimulation instead of CACC 
models. 
Manual mode CF models are categorized into 1) classical models and 2) Artificial 
Intelligence (AI)-based models (Aghabayk et al., 2015). Classical CF models predict CF 
behavior based on stimulus-response, collision avoidance (safety-distance), and desired 
headway using mathematics. AI-based CF models predict CF behavior using rule-based 
algorithms such as fuzzy logic and Neural Network. However, it is generally difficult to 
define fuzzy rules and calculations are complex for the AI-based CF models. 
As for classical CF models, stimulus-response models are simple, easy to be used and 
calibrated, and meaningful (Aghabayk et al., 2015). In this modeling approach, the 
response of following vehicles (i.e., acceleration or deceleration) is affected by the lead 
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vehicle motion (stimulus). Also, the following vehicle’s response is delayed by the pre-
specified reaction time. The examples of classical CF models are Gazis-Herman-Rothery 
(GHR) model (or General Motors (GM) model), linear model, optimal velocity model, 
Gipps’ model and Intelligent Driver Model (IDM). 
For instance, Gipps’ CF model assumes that the following vehicle driver constantly 
keeps safe distance with the lead vehicle to avoid the crash (Gipps, 1981). Hence, the model 
determines the following vehicle’s acceleration based on the lead vehicle speed and the 
safe distance with the lead vehicle (Gipps, 1981). Gipps’ CF model is used to simulate 
manual mode CF behavior in the AIMSUN microscopic traffic simulation model. 
 Automated Mode Car-following Models 
The automated mode car-following models are classified into 1) cruise control (CC), 2) 
adaptive cruise control (ACC) and 3) cooperative adaptive cruise control (CACC) models. 
Since this thesis mainly focuses on the operation of CACC vehicles, only CACC models 
will be reviewed in this section. 
There are mainly two types of modeling CACC – 1) traffic model-based CACC and 2) 
vehicle model-based CACC (Li et al., 2017). Traffic model-based CACC is derived from 
conventional traffic models, more specifically car-following models such as the Intelligent 
Driver Model (IDM) (Treiber et al., 2000). For instance, Li et al. (2017) modified the IDM 
to derive the CACC model. The model determines the acceleration of CACC vehicle based 
on the accelerations of the leader of a vehicle platoon and the immediate lead vehicle. They 
found that CACC significantly increased traffic efficiency and reduced rear-end collision 
risk by controlling the desired time headway and the time delay between vehicle platoons. 
7 
 
They also found that higher penetration rate of CACC vehicles and shorter time delay 
between platoons decreased rear-end collision risk.  
Similarly, van Arem et al. (2006) developed the CACC model based on the CF model 
used in the MIXIC (Microscopic model for Simulation of Intelligent Cruise control). The 
model determines the acceleration of CACC vehicles in free-driving and car-following 
conditions separately. In the free-driving condition, the model determines the acceleration 
based on the difference between intended and current speed. In the car-following condition, 
the model determines the acceleration based on the acceleration of the target vehicle and 
the differences in speed and distance between the target and the subject CACC vehicles. 
They found that the CACC model improved traffic flow stability and performance.  
However, Milanés and Shladover (2014) found from the field experiment that the 
CACC model derived from the IDM did not show stable car-following maneuver of CACC 
vehicles as the lead vehicle speed changed. Thus, some researchers developed the vehicle 
model-based CACC using the experimental data instead of traffic models. For instance, 
Milanés and Shladover (2014) developed the CACC model based on the observed car-
following behavior of ten CACC vehicles. The CACC vehicle model determines the speed 
of CACC vehicle based on the gains for adjusting the time-gap errors with respect to the 
lead vehicle. They found that all CACC vehicles perfectly followed the lead vehicle and 
did not cause oscillations even when the lead vehicle speed changed.  
Furthermore, Liu et al. (2018a) implemented the CACC model developed by Milanés 
and Shladover (2014) in the AIMSUN microsimulation to test the impacts of CACC on 
traffic performance at a merge area. They found that CACC can stabilize mainline traffic 
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with CACC platoons and increase the capacity at a merge area regardless of ramp traffic 
demand volume. 
Schakel et al. (2010) also developed the CACC model based on the data from field test. 
The model was designed to be applicable for mixed traffic of CACC vehicles and non-
CACC vehicles. They tested the impacts of CACC in the mixed traffic using the proposed 
CACC model and found that CACC can dampen shockwave even when the proportion of 
CACC vehicles was low.  
 Truck CACC Model 
Although both CACC cars and trucks are operated in automated mode, their vehicle 
performance characteristics (e.g., maximum acceleration and deceleration rate) are still 
different due to different size and weight. Thus, some researchers developed the CACC 
model for heavy trucks and tested the impacts of CACC trucks on traffic performance. 
For instance, Ramezani et al. (2018) applied the CACC model developed by Milanés 
and Shladover (2014) to heavy trucks. They estimated the truck-specific parameter values 
of the CACC model based on the field experiment of automated trucks. They tested the 
impact of truck CACC on traffic performance in a mixed flow of CACC trucks and manual 
passenger cars using a microsimulation model. They found from the simulation result that 
the truck CACC model improved traffic condition without interrupting the operation of 
manual passenger cars.    
Similarly, Deng and Ma (2015) applied the CACC model developed by van Arem et al. 
(2006) to heavy trucks. They evaluated the truck CACC model on a test network with car-
truck mixed traffic (10% trucks) using the VISSIM microscopic traffic simulation model. 
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They found that CACC truck platoons improved fuel efficiency, traffic flow and safety. 
They also found that CACC trucks had positive effects (e.g., higher speed, shorter travel 
time and less variation in speed) on passenger car traffic. However, the study did not 
consider the impact of CACC trucks on traffic performance at a merge area. 
Calvert et al. (2019) also developed the CACC model for trucks. The model controls the 
acceleration of the followers in a truck platoon based on the acceleration of leader. In 
particular, the model limits the total number of trucks in a platoon to facilitate merging at 
on-ramps. They found from the simulation result that CACC truck platoons had larger 
negative effect on traffic performance when the traffic was saturated. They also found that 
the proportion of CACC trucks in total traffic mainly affected merging at on-ramps and 
longer gap between CACC trucks increased the number of cut-ins which interrupted truck 
platooning. 
Chen et al. (2018) developed the truck CACC model specifically for uphill grades based 
on the constant time gap. They found that truck platoons could not be formed using CACC 
due to low truck speed and acceleration capability on uphill grades. To overcome this 
limitation, they suggested the leader’s speed in CACC truck platoons be controlled to allow 
the followers to engage in platoons without exceeding their desired speed.   
 Cooperative Lane-changing Model 
In addition to vehicle platoons, CAVs allow cooperative lane-changing (CLC) between 
CACC vehicles via V2V or V2I communication. CLC makes the merging of the ramp 
vehicle easier and helps reduce the delay at a merge area. There are two types of CLC. 
First, the lag vehicle in the target lane (faster lane) of a mainline freeway decelerates to 
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create the gap so that the vehicles in adjacent lane (slower lane) can change lane as 
illustrated in Figure 2-1. Alternatively, the lead vehicle in the target lane accelerates to 
create the gap. Thus, the speeds of lead and lag vehicles can be controlled (longitudinal 
maneuver control) for CLC using car-following (CF) models.  
 
 
Figure 2-1. Longitudinal maneuver control for cooperative lane-changing  
(Source: Transport Simulation Systems, 2020) 
 
Second, the mainline vehicle in the target lane (merge lane) changes to inner lane before 
the ramp vehicle changes to the target lane as illustrated in Figure 2-2. In this case, lane-
changing (LC) of the vehicle in the target lane can be controlled (lateral maneuver control) 
for CLC using LC models. Thus, CLC models are categorized into CF models and LC 
models, and they are discussed separately in the following subsections. 
 
Faster lane (target lane) 
Lag vehicle decelerates 








Figure 2-2. Lateral maneuver control for cooperative lane-changing  
(Source: Ladino and Wang, 2020) 
 
 Car-following models for cooperative lane-changing 
Some studies developed the CF model which controls the speed and gap of the subject 
vehicle for CLC. For instance, the Two-lane CF model adopted in the AIMSUN 
microsimulation model captures the effects of slow-moving vehicles of the adjacent lane 
(e.g., merging vehicles from an on-ramp) on CF behavior of the subject vehicle (Transport 
Simulation System, 2020). The model assumes that the vehicles in the faster lane (e.g., 
vehicles upstream of an on-ramp) decrease their speed and create the gap to help LC of the 
slow-moving vehicles in adjacent lanes. Based on this assumption, the model calculates 
the speed of the vehicle in the faster lane.  
Pueboobpaphan et al. (2010) also developed a CACC model which can adjust speed of 
mainline vehicles located upstream of the merging point to provide enough gaps for ramp 
vehicles. Similarly, Backfrieder et al. (2016) proposed a CF model for CLC in multiple 
congested lanes at an intersection. The proposed algorithm decelerated CACC vehicles in 
the target lane to increase spacing for CLC. Ladino and Wang (2020) also developed a CF 
model for longitudinal maneuver control of CACC vehicles to create the gap for CLC at a 
merge area.  
Ramp vehicle 
Mainline vehicle changes 
lane to increase the gap 
gap 
Merge lane (target lane) 
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 Lane-changing models for cooperative lane-changing 
Once the lead or lag vehicle in the target lane creates sufficient gap by controlling its 
speeds using the CF model, the vehicle in adjacent lane can change lane to the target lane. 
This lane-changing behavior is modeled using LC models. Conventional LC models 
predict the driver’s decision of lane-changing in various LC modes including mandatory, 
discretionary and cooperative LC. For instance, the Gipps’ LC model (Gipps, 1986a) 
assumes that the driver makes LC decision based on the possibility of LC (i.e., can the 
driver change lane safely?), the necessity of LC, and the desirability of LC. The Gipps’ LC 
model calculates acceptable gaps between the subject vehicle and the lead/lag vehicle(s) in 
the target lane, and the subjective vehicle’s deceleration/acceleration required for LC using 
the Gipps’ CF model as shown in Figure 2-3. However, the Gipps’ LC model does not 
clearly explain the LC behavior in heavy traffic congestion when the lag vehicle potentially 
yields to other vehicles for their LC, or the subject vehicle forces other vehicles to yield to 
allow its LC (Moridpour et al., 2010). 
 
 
Figure 2-3. Subject vehicle and surrounding vehicles during lane changes 










Similarly, ARTEMiS LC model (Hidas, 2002) assumes that the LC maneuver is 
categorized into normal, cooperative and forced. In normal LC, when both lead and lag 
gaps are longer than the desired critical gaps, LC would occur. In cooperated and forced 
LC, the lag vehicle in the target lane reluctantly (forced LC) or willingly (cooperative LC) 
to create a gap for the LC vehicle. 
MOBIL (Minimizing Overall Braking Induced by Lane changes) LC model assumes 
that drivers change lane when two criteria of incentive and safety are satisfied (Kesting et 
al., 2007). As for the incentive criterion, LC occurs if the advantage of LC (i.e., the 
increased acceleration of the subject vehicle) is greater than the disadvantage of LC (i.e., 
the decreased acceleration of the lag vehicles in the target and current lanes). As for the 
safety criterion, LC occurs if the acceleration of the lag vehicle in the target lane does not 
exceed a specific threshold.  
Khan et al. (2014) used the MOBIL model as a CLC model for connected vehicles with 
V2V communication. They found from the simulation result that the MOBIL model 
effectively increased the traffic flow because the model can consider the effects of LC 
decision on immediate followers and continuously improve the advantage of LC.  
Awal et al. (2015) also proposed the CLC algorithm which considers the position and 
velocity of vehicles in advance and computed a suitable spacing for LC to minimize the 
LC time. The algorithm applied different LC rules for discretionary lane changes (DLC) 
and mandatory lane changes (MLC). They found that CLC reduced LC time and increased 
speed and flow at a merging area. 
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Wang et al. (2015) developed a CLC model which was designed to control the speed of 
the lag vehicle in the target lane so that the subject vehicle could find a gap more easily. 
The model also considers the lead vehicles in both current and target lanes. They found 
from the simulation result that CLC can generate more feasible chances of LC and reduce 
the impact of LC on traffic disturbance.   
Xie et al. (2017) also developed the CLC model based on the assumption that upstream 
vehicles are informed of the traffic conditions at a merge area via V2V or V2I 
communication. Based on this information, upstream vehicles change to inner lanes within 
the designated CLC zone (500 m or more upstream of a merge point) to allow the ramp 
vehicles to merge easily. They found that CLC can effectively coordinate merging and 
improve safety and operation of traffic at a merge area in non-oversaturated traffic 
condition. 
Luo et al. (2019) developed the CLC model using vehicle trajectory planning and 
tracking. The model determines optimal trajectory of the lane-changing vehicles, which 
maximizes safety, comfort and efficiency through the cooperation between vehicles. From 
the simulation result, they found that CLC increased efficiency of LC and also guaranteed 
safety and comfort. 
Shi et al. (2019) developed two CLC algorithms for CAVs - partial LC at low CAV 
percentages and full LC at high CAV percentages. The proposed algorithm guides the 
isolated CAVs to join the CAV platoon in a different lane through CLC. The CF behavior 
of CAVs was controlled using the Intelligent Driver Model (IDM). They found that CLC 
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decreased the conflicts between manual vehicles and CAVs by 37% and increased the 
capacity by 2.5%. 
Liu et al. (2018b) developed the anticipatory LC model for CLC at a merge area. They 
assumed that some upstream vehicles in the merging lane perform anticipatory LC (i.e., 
change to an inner adjacent lane) in advance before the merge area to avoid conflicts with 
the ramp vehicles as shown in Figure 2-4. They also assumed that anticipatory LC only 
occurs in Zone 1 upstream of an on-ramp as shown in Figure 2-4 and only a portion of the 
upstream vehicles perform anticipatory LC. They found that the anticipatory LC 
significantly increased the capacity at the merge area as the percentage of CACC vehicles 
increased.   
 
Figure 2-4. Cooperative lane-changing at a merge area 
(Source: Liu et al., 2018b) 
 
Based on the review of past studies, it was found that CLC can increase the available 
gap in the merging lane for the ramp vehicle by controlling the speeds of the upstream 
vehicles in the merging lane. Also, some CLC models can increase anticipatory LC of the 







CHAPTER 3 METHODOLOGY 
In this chapter, the manual mode CF model (Gipps’ CF model), the automated mode CF 
model (ACC/CACC model), and LC models (Gipps’ LC model, on-ramp LC model) 
adopted in the AIMSUN microscopic traffic simulation (Transport Simulation Systems, 
2020) are explained in details. The model framework and the impacts of model parameters 
on the traffic operation and the delay at a freeway merge area will also be discussed. 
 Car-following Models 
 Gipps’ car-following model 
The Gipps’ CF model is used for simulating CF behavior of CACC vehicles in manual 
mode in AIMSUN. In AIMSUN, CACC vehicles switch to manual mode when the 
calculated deceleration in automated mode is lower than the maximum desired deceleration 
to avoid collision. CACC vehicles also switch to manual mode when they change lanes. 
This manual LC behavior is simulated using the Gipps’ LC model which will be explained 
later. 
The Gipps’ CF model assumes that drivers accelerate when they try to achieve a specific 
desired speed in free- flow traffic (acceleration phase) and they decelerate when they face 
any limitation from a lead vehicle (deceleration phase) (Gipps, 1981). In the acceleration 
phase, the maximum speed of the following vehicle (𝑛) in the period of (𝑡, 𝑡 + 𝑇) (i.e. 
𝑉𝑎(𝑛, 𝑡 + 𝑇)) is calculated using Equation (3-1) as follows: 










where 𝑉𝑎(𝑛, 𝑡) = the speed of the vehicle n at time t (m/s), 𝑉
∗(𝑛) = the desired speed of the 
vehicle 𝑛 for existing section m/s, 𝑎(𝑛) = the maximum acceleration of vehicle 𝑛 (m/s2), 
and 𝑇 is the reaction time (s).  
In the deceleration phase, the maximum speed of the following vehicle n during (𝑡, 𝑡 +
𝑇) is derived as follows:   
𝑉𝑏(𝑛, 𝑡 + 𝑇)
= 𝑑(𝑛)𝑇 + √𝑑(𝑛)2𝑇2 − 𝑑(𝑛) [2{𝑥(𝑛 − 1, 𝑡) − 𝑠(𝑛 − 1) − 𝑥(𝑛, 𝑡)} − 𝑉(𝑛, 𝑡)𝑇 −





where 𝑑(𝑛) (< 0) = the maximum desired deceleration of vehicle n (m/s2), 𝑥(𝑛, 𝑡) = the 
position of vehicle n at time 𝑡 (m), 𝑥(𝑛 − 1, 𝑡) = the position of leading vehicle 𝑛 − 1 at 
time 𝑡 (m), 𝑠(𝑛 − 1) = the effective length of preceding vehicle (m) and 𝑑′(𝑛 − 1) is an 
estimated desired deceleration of vehicle 𝑛 − 1 (m/s2). The chosen speed for the following 
vehicle is the minimum of the above-mentioned speeds as follows: 
𝑉(𝑛, 𝑡 + 𝑇) = min {𝑉𝑎(𝑛, 𝑡 + 𝑇), 𝑉𝑏(𝑛, 𝑡 + 𝑇)} (3-3) 
 
In the Gipps’ CF model, parameters such as maximum acceleration (𝑎𝑛) and maximum 
deceleration ( 𝑑𝑛 ), and desired speed 𝑉
∗(𝑛)  are fixed. Some of these parameters are 
different for trucks since trucks have lower maximum acceleration and deceleration. In 
Equation 3-2, the following vehicle driver’s estimated desired deceleration of the lead 
vehicle 𝑛 − 1, 𝑑ʼ(𝑛 − 1) is calculated as follows: 





where α is the sensitivity parameter - 𝛼 less than 1 represents the underestimation of the 
leader’s deceleration 𝑑(𝑛 − 1), while α greater than 1 represents the overestimation of the 
leader’s deceleration. 
 
 ACC Car-Following Models 
The ACC CF model in AIMSUN controls the maneuver of AVs (i.e., ACs and ATs). 
The ACC controlling laws and spacing are selected based on the constant Desired Time 
Gap. The desired inter-vehicle spacing (𝐿𝑑𝑒𝑠) is determined based on the Desired Time 
Gap in a linear function of vehicle`s speed as shown below (Ntousakis et al., 2015). 
𝐿𝑑𝑒𝑠 = 𝑠0 + 𝑡ℎ𝑤𝑉 (3-5) 
 
where s0 = the jam distance (m) (i.e., gap between vehicles when completely stopped), 
𝑡ℎ𝑤 = the desired time gap (s), and 𝑉 is the speed of the vehicle (m/s). 
In general, ACC-equipped vehicles keep a safe distance from their leading vehicle. The 
ACC CF model consists of the following two modules: 1) ACC Speed Regulation Module 
and 2) ACC Gap Regulation Module. First, the ACC Speed Regulation Module is activated 
when there is no vehicle ahead (i.e., when the clearance to a leader is greater than the upper 
clearance threshold). Typically, the leader is not detected by the sensors when the distance 
to the leader is longer than 150-200 meters (Ntousakis et al., 2015). This module controls 
the AV’s acceleration based on the difference between the current speed and its maximum 
desired speed as follows: 
𝑎𝑠𝑣 = 𝑘1 ∗ (𝑉𝑓 − 𝑉𝑠𝑣 ) (3-6) 
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where 𝑎𝑠𝑣 = acceleration of the subject vehicle (m/s
2) proposed by ACC controlling 
device, 𝑘1 = Speed Gain Free Flow which is the gain in the speed difference between the 
free-flow speed and the current speed of the subject vehicle (s-1), 𝑉𝑓 = free-flow speed 
(m/s), and 𝑉𝑠𝑣 = current speed of the subject vehicle (m/s). 
In Equation 3-6, the parameter 𝑘1 is the control gain parameter utilized to determine the 
rate of speed error for acceleration. The default value of 𝑘1 in AIMSUN is 0.4 s
-1
 which 
was determined based on experimental and simulation studies (Xiao et al., 2017; Xiao et 
al., 2018). The value of 𝑘1for AT is 0.3907 s
-1 (Ramezani et al., 2018). 
Second, the ACC Gap Regulation Module is activated when there is a leading vehicle 
in the range of sensors and its speed is slower than the speed set by the follower. The ACC 
module controls the follower (subject vehicle)’s acceleration based on the differences in 
position and speed between the follower and the leader as follows (Liang and Peng, 1999): 
𝑎𝑠𝑣 = 𝑘2 ∗ (𝑑 − 𝑡ℎ𝑤𝑉𝑠𝑣 − 𝐿) + 𝑘3(𝑉𝑙 − 𝑉𝑠𝑣) (3-7) 
 
where 𝑘2 = Distance Gain which is the gain in position difference between the lead and 
subject vehicles (s-2), 𝑘3 = Speed Gain Following which is the gain in speed difference 
between the lead and subject vehicles (s-1), d = front-to-front spacing between the lead and 
subject vehicles (m), 𝑡ℎ𝑤 = desired time gap (s), 𝑉𝑙 = current speed of the lead vehicle 
(m/s), and L = length of the lead vehicle (m). 
Since the available gaps and availability of vehicles ahead affect the delay at a merge 
area, the two parameters related to the position difference (k2) and speed difference (k3) 
can be adjusted to increase the gap for merging vehicles to reduce the delay. 
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The default values of k2 (= 0.23 s
-2) and k3 (= 0.07 s
-1) for ACs in AIMSUN were 
obtained by optimization criterion based on the Integral Absolute Error (IAE) and by 
minimizing the difference between the observed and simulated speeds (Milanés and 
Shladover, 2014). Also, a number of other research works used the same values for k2 and 
k3 (Qin and Wang, 2019; Xiao et al., 2018 and Zhou et al., 2020). The values of 𝑘2 (= 
0.0561 s-2) and 𝑘3 (= 0.3393 s
-1) for ATs were obtained by calibrating simulation models 
using field data (Ramezani et al., 2018).  
Another important factor in ACC car-following model is the desire time gap (thw). In 
general, in ACC, the time gap ranges from 0.8 to 2.2 s (Ntousakis et al., 2015; Shladover 
et al., 2012). In this study, the value of 1.5 s was chosen for ACC-equipped cars. Since 
trucks are heavier than cars and decelerate with lower rates, higher time gaps are required. 
Thus, a longer time gap of 2 seconds for trucks was used (Shladover et al., 2018). 
Figure 3-1 shows that the transition between ACC Speed Regulation and ACC Gap 
Regulation modes is determined based on upper and lower thresholds of clearance distance 
with a leader. According to Shladover et al. (2012), Speed Regulation (a) is activated when 
the distance from the lead vehicle is larger than 120 m (upper clearance threshold) and Gap 
Regulation (b) is activated when the distance is shorter than 100 m (lower clearance 
threshold). For the distance between 100 and 120 m, the current regulation mode will not 




Figure 3-1. Decision chart for application of ACC/CACC in AIMSUN 
 (Source: Transport Simulation Systems, 2020) 
 
Figure 3-1 also shows that when the leader is connected and the gap to the leader is 
smaller than the lower gap threshold, CACC Platoon Leader Gap Regulation (c) and CACC 
Platoon Follower Gap Regulation (d) are activated. If the size of the platoon to which the 
preceding vehicle belongs is less than maximum platoon size, CACC Platoon Follower 
Gap Regulation (d) (i.e., the vehicle joins the platoon) is activated. Otherwise, CACC 
Platoon Leader Gap Regulation (c) (i.e., the vehicle forms a new platoon) is activated. On 
the other hand, if the gap to the leader is greater than the upper gap threshold, the ACC 
Gap Regulation (b) is activated. If the clearance to the leader is greater than the lower 
clearance threshold, ACC Speed Regulation (a) is activated.  
In general, CACC significantly improves the string stability since it can dampen the 
disturbance even when the gap is small (Milanés and Shladover, 2014; Zhou et al., 2020). 
As CACC vehicles can communicate with their preceding vehicles and vehicles in the 
adjacent lanes, they can forecast downstream traffic and react faster. Also, CACC vehicles 
a. ACC Speed Regulation 
b. ACC Gap Regulation 
c. CACC Platoon Leader 
Gap Regulation 









can form platoons of vehicles with the same speed and shorter time headways considering 
acceleration, speed, and positions of lead vehicles. Due to these features, CACC can 
increase capacity and reduce the delay (Manolis et al., 2020). In the next section, the CACC 
CF model in AIMSUN is explained in detail. 
 CACC Car-Following Model 
The CACC CF model in AIMSUN consists of the Platoon Leader Gap Regulation and 
the Platoon Follower Gap Regulation. The acceleration and speed of AVs are controlled 




      (3-8) 
Current Speed: 𝑉𝑠𝑣(𝑡) = 𝑉𝑠𝑣(𝑡 − ∆𝑡) + 𝑘𝑝𝑒𝑘(𝑡) + 𝑘𝑑𝑒
′
𝑘(𝑡)      (3-9) 
Time gap error: 𝑒𝑘(𝑡) = 𝑑(𝑡 − ∆𝑡) − 𝑡𝑔 ∗ 𝑉𝑠𝑣(𝑡 − ∆𝑡) − 𝐿      (3-10) 
Speed error: 𝑒′𝑘(𝑡) = 𝑉𝑙(𝑡 − ∆𝑡) − 𝑉𝑠𝑣(𝑡 − ∆𝑡) − 𝑡𝑔 ∗ 𝑎𝑠𝑣(𝑡 − ∆𝑡) (3-11) 
where ∆𝑡 = time step (s), 𝑘𝑝 = gain in distance for adjusting time gap between the 
subject and lead vehicles (s-1), 𝑘𝑑 = gain in speed for adjusting time gap between the 
subject and lead vehicles (no unit), 𝑒𝑘 =  time gap error, 𝑒′
𝑘
=  speed error, and 𝑡𝑔 = 
constant time gap between the last vehicle of the CACC platoon and the subject vehicle 
23 
 
(Time Gap Leader) or constant time gap between the lead and subject vehicles in the same 
CACC platoon (Time Gap Follower). 
In Equation 3-9, Distance Gain (kp) and Speed Gain (kd) are the parameters of CACC 
Gap Regulation which control the time gap error (ek) and the speed error (e'k). As for ACs, 
the default value of kp is 0.45 s
-1 (Milanés and Shladover, 2014; Xiao et al., 2018; Zhou et 
al., 2020) and the default value of kd is 0.0125 (Liu et al., 2018a, 2018b, 2018c; Xiao et al., 
2018; Zhou et al., 2020). Moreover, the values of 𝑘𝑝 and 𝑘𝑑 for ATs were determined as 
0.0074 s-1 and 0.0805, respectively (Ramezani et al., 2018).  
According to Liu et al. (2018c), if a lead vehicle is the CACC vehicle in a preceding 
platoon,  any CACC vehicle will choose one of the two states as follows: 1) the CACC 
vehicle will switch to the Speed Regulation if the time gap between the CACC vehicle and 
the preceding vehicle is more than 2 s and 2) the CACC vehicle will either form a new 
platoon or join the preceding platoon if the time gap between the CACC vehicle and the 
preceding vehicle is less than 2 s. In the latter case, if the preceding platoon size (i.e., 
number of vehicles in a platoon) is greater than or equal to the maximum allowable platoon 
size, the CACC vehicle will form a new platoon according to the Platoon Leader Gap 
Regulation. On the other hand, if the number of vehicles in the CACC platoon is less than 
the maximum allowable platoon size, the CACC vehicle will join the platoon according to 
the Platoon Follower Gap Regulation. Figure 3-2 illustrates CF models used for CACC 





Figure 3-2. Car-following logic for CACC  
(Source: Liu et al., 2018c) 
 
In the CACC Platoon Leader Gap Regulation, the default value of the constant time gap 
between two successive platoons (Time Gap Leader) is 1.5 s which was determined based 
on safety evaluations of cars (Liu et al., 2018c). In the CACC Platoon Follower Gap 
Regulation, the default value of constant time gap between two successive vehicles in the 
same platoon (Time Gap Follower) is 0.6 s (Tu, et al., 2019; Milanés and Shladover, 2014; 
Zhou et al., 2020; Xiao et al., 2018).  
Regarding the effects of platoon size on the delay, different maximum numbers of 
vehicles in a platoon were used in the past studies – e.g., 5 (van Arem et al., 2006), 10 (Liu 




 Driver reaction time 
Driver reaction time is commonly used in CF models. In AIMSUN, driver reaction time 
can be a fixed value for all vehicles or variable among different types of vehicle. The 
reaction time for manual mode CF model is 0.8 s and the simulation step ranges from 0.1 
to 1.2 s (Transport Simulation System, 2020). For the simulation of AVs in AIMSUN, 
driver reaction time must be set to 0.8 s while the simulation step must be set to 0.1 s. This 
allows AVs to safely switch to manual mode if necessary. 
 Lane-Changing Models 
 Gipps’ lane-changing model 
The Gipps’ lane-changing (LC) model (Gipps, 1986a) controls the drivers’ LC behavior 
in AIMSUN.  The model determines LC decision process based on 1) the necessity of LC, 
2) the desirability of LC (improvement in traffic condition for vehicle by LC), and 3) the 
feasibility of LC. The feasibility of performing LC depends on the availability of enough 
gaps between the lead and lag vehicles in the target lane. The model represents the driver’s 
LC decision process in three different zones - Zones 1, 2 and 3.  
In Zone 1, the driver’s LC decisions are controlled by the traffic conditions of the lanes. 
Two main parameters of discretionary LC (overtaking maneuver) are 1) the overtake speed 
threshold and 2) the lane recovery speed threshold. The drivers will overtake the lead 
vehicle (change to a faster lane) if the lead vehicle’s speed is lower than the overtake speed 
threshold. The drivers will return to a slower lane if their speed is higher than the lane 
recovery speed threshold. In Zone 2 (intermediate zone), the drivers adjust their speed to 
find gaps in either downstream or adjacent lanes so that they can reach the valid target lane 
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(e.g., turning lane) to take their desired action (e.g., turns). In Zone 3, the drivers more 
urgently reduce speed to look for gaps to reach the valid target lane. 
 On-ramp LC model  
The on-ramp LC model controls LC of merging vehicles on the ramp and the 
acceleration lane in AIMSUN. The model has the following parameters.: 
First vehicle on is first vehicle off: By choosing this option, the vehicles in the 
acceleration lane is allowed to change lane to enter mainline traffic in a sequential order 
(i.e., the first vehicle enters and then the second vehicle enters). Otherwise, the vehicles in 
the acceleration lane can change lanes not in a sequential order. 
Cooperation distance: This determines the range of V2V communication between 
CACC vehicles upstream of the ramp and at a merge area. As the cooperation distance 
increases, vehicles upstream of the ramp can detect merging vehicles and change their lanes 
to inner lanes earlier to provide sufficient gaps for merging vehicles. When vehicles on the 
mainline freeway and merging area are within the Cooperation distance, they can cooperate 
for merging vehicles to change lane. For instance, in Figure 3-3, Vehicle D can detect 
Vehicles A and B (but not Vehicle C) which are within the Cooperation distance via V2V 
communication and it will cooperate to allow Vehicles A and B to change lane.  
 
Figure 3-3. Cooperation distance and merge distance in AIMSUN 
(Source: Transport Simulation Systems, 2020) 
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Merging distance: This parameter is the length of the section where merging vehicles 
are allowed to merge as shown in Figure 3-3. In the figure, only Vehicle A can merge, but 
Vehicle B cannot merge since it is not within the merging distance. Cooperation distance 
must be longer than merging distance to allow the mainline vehicles to perform cooperative 
LC before they reach the merge area.  
Maximum give way time: This parameter is the maximum time period during which 
vehicles in the acceleration lane would wait to merge into the mainline traffic. If vehicles 
stop in the lane for more than the maximum give way time, they will accept shorter gaps 
to change lane. 
Lane-changing cooperation: This parameter is defined as the percentage of vehicles 
upstream of the merge area, which would cooperate to allow merging vehicles (i.e., 
vehicles located in Zones 2 and 3) to change lane.   
 Sensitivity Analysis 
To identify the impacts of different parameters on the delay at a merge, the following 
two groups of scenarios were tested using AIMSUN: 1) Scenario Group 1: Effects of 
controlling parameters for ACC/CACC and 2) Scenario Group 2: Effects of time gaps and 
percentage of ATs. Each scenario group was explained in the next subsections: 
 Scenario Group 1: Effects of controlling parameters for ACC/CACC 
In this scenario group, the sensitivity analysis of the following parameters was 
performed to evaluate the effects of controlling parameters for ACC/CACC on the delay: 
1. Distance Gain (k2) and Speed Gain (k3) in ACC Gap Regulation Mode 
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2. Desired Time Gap (thw) in ACC Gap Regulation Mode 
3. Distance Gain (kp) and Speed Gain (kd) in CACC Platoon Leader/Follower Gap 
Regulation Mode 
4. Time Gap Leader (tg(Leader)) and Time Gap Follower (tg(Follower)) in CACC Platoon 
Leader/Follower Gap Regulation Mode 
5. Maximum Platoon Size 
6. Lane-changing Cooperation (LC Coop.) 
The following scenarios were tested using AIMSUN and the delay was compared 
among different scenarios. In this scenario group, the percentage of ATs was assumed to 
be 10%. In the base case scenario (Scenario 1-1), all the parameters have default values as 
shown in Table 3-1. The default values were determined based on the reviewed literature 
as discussed in Chapter 2. 
Table 3-1. Default values of parameters 
Parameter AC AT 
Distance Gain in ACC (k2) 0.23 s
-2 0.0561 s-2   
Speed Gain in ACC (k3) 0.07 s
-1 0.3393 s-1 
Distance Gain in CACC (kp) 0.45 s
-1 0.0074 s-1 
Speed Gain in CACC (kd) 0.0125 0.0805 
Desired time gap in ACC (thw) 1.5 s 2 s 
Time Gap Leader in CACC (tg(Leader)) 1.5 s
 
Time Gap Follower in CACC (tg(Follower)) 0.6 s 
Maximum platoon size 5 
 
To examine the effects of changing the sensitivity to the distance and speed errors on 
the delay at a merge area, two scenarios with a set of values of k2, k3, kp, and kd 50% lower 
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(Scenario 1-2) and 50% higher (Scenario 1-3) than their default values (Table 3-1) were 
tested as shown in Table 3-2. In these two scenarios, all other values of parameters were 
default and CLC was not activated. 
Table 3-2. Values of sensitivity to distance and speed errors 
 Low sensitivity 
 (Scenario 1-2) 
High sensitivity 
(Scenario 1-3) 
Parameter AC AT AC AT 
Distance Gain in ACC (k2) 0.115 s
-2 0.028 s-2   0.46 s-2 0.1122 s-2   
Speed Gain in ACC (k3) 0.035 s
-1 0.1696 s-1 0.14 s-1 0.6789 s-1 
Distance Gain in CACC (kp) 0.255 s
-1 0.0037 s-1 0.9 s-1 0.0148 s-1 
Speed Gain in CACC (kd) 0.006 0.0402 0.025 0.161 
 
To examine the effects of changing time gap between AVs in ACC mode and time gap 
within and between platoons in CACC mode on the delay at a merge area, two scenarios 
with a set of values of thw, tg(Leader), and tg(Follower) 50% lower (Scenario 1-4) or 50% higher 
(Scenario 1-5) than their default values (Table 3-1) were tested as shown in Table 3-3. To 
set these values, the ranges of time gaps for ACs and ATs were also considered. In Scenario 
1-5, tg(Leader) was set to the default value (1.5 s) because the value higher than the default 
value was not permitted in AIMSUN. In these two scenarios, all other values of parameters 
were default and CLC was not activated. 
Table 3-3. Values of time gaps between AVs and between platoons  
 Short time gap 
(Scenario 1-4) 
Long time gap 
(Scenario 1-5) 
Parameter AC AT AC AT 
Desired time gap in ACC (thw) 0.8 s 1.5 s 2.2 s 2.5 s 
Time Gap Leader in CACC (tg(Leader)) 0.75 s 1.5 s 




To examine the effects of maximum platoon size on the delay at a merge, two scenarios 
with maximum platoon size of 3 (Scenario 1-6) and 7 (Scenario 1-7) which are higher or 
lower than their default value of maximum platoon size (= 5), respectively. ACs and ATs 
can be mixed in the same platoon. In these two scenarios, all other values of parameters 
were default and CLC was not activated. 
Lastly, to examine the effects of CLC on the delay at a merge, a scenario with CLC 
activated (Scenario 1-8) was tested. In this scenario, all vehicles upstream of a merge area 
cooperated lane-changing of merging vehicles (i.e., lane change cooperation = 100%).  
 Scenario Group 2: Effects of time gaps and percentage of ATs 
In this scenario group, the sensitivity analysis of time gaps (thw, tg(Leader), tg(Follower)) and 
percentage of ATs was performed. Three cases of time gaps (low, medium, high) were 
tested as shown in Table 3-4: 






Parameter AC AT AC AT AC AT 
Desired time gap in ACC (thw) 0.8 s 1.5 s 1.5 s 2 s 2.2 s 2.5 s 
Time Gap Leader in CACC (tg(Leader)) 0.75 s
 1.5 s 1.5 s* 
Time Gap Follower in CACC (tg(Follower)) 0.3 s 0.6 s 1.2 s 
*tg(Leader) was set to the default value (1.5 s) because the value higher than the default value was not permitted 
in AIMSUN. 
 
Also, three percentages of ATs (0%, 10% and 20%) were assumed. Since the effects of 
time gaps at 10% ATs were tested, additional 6 scenarios for 0% and 20% ATs (i.e., 




Table 3-5. Scenario numbers by time gaps and percentage of ATs 
Time gaps 
% of ATs 
Low Medium High 
0% 2-1 2-2 2-3 
10% 1-4 1-1 1-5 
20% 2-7 2-8 2-9 
 
 Study area 
To test the above scenarios, AIMSUN simulation was run on a 5.25 km-long 2-lane 
section of a freeway with a merge area as shown in Figure 3-4. The on-ramp section has 
one lane and the merge area includes an acceleration lane. To analyze different traffic 
patterns in different locations on the freeway, the freeway was divided into the following 
5 sections – 1) Section 1: the section 500 m – 5 km upstream of the ramp (length = 4500 
m), 2) Section 2: the section 0 – 500 m upstream of the ramp (length = 500 m), 3) Section 
3: the on-ramp section (length = 50 m), 4) Section 4: the merging area including the 
acceleration lane (length = 155 m), and 5) Section 5: 155 m – 250 m downstream of the 
ramp (length = 95 m). Section 1 has long length of 4.5 km to ensure that AVs can form 
platoons before they reach the merge area. 
 






Section 4               
Merge area 50 m 
Section 3                  
On-ramp 
500 m 
Section 2       
Upstream 






The capacities of the mainline traffic and the ramp traffic are assumed to be 2,100 
passenger car equivalent/hour (pcu/h) per lane and 900 pcu/h, respectively. The speed 
limits on the mainline freeway and the ramp are 100 km/h and 60 km/h, respectively. The 
traffic demand volumes for mainline and on-ramp sections were 2,600 vehicles (2,340 ACs 
and 260 ATs) per hour and 700 vehicles (630 ACs and 70 ATs) per hour, respectively. The 
same traffic demand volumes (with 𝑣/𝑐  ratio of 0.65) were used for all scenarios. In 
Scenario 1-8, the Cooperation distance (i.e., the range of V2V communication between 
CACC vehicles upstream of the ramp and at a merge area) was assumed to be 305 m. For 







CHAPTER 4 RESULTS AND DISCUSSION 
In this chapter, the results of the sensitivity analysis are presented and the effects of 
controlling parameters on the delay are discussed.  
 Sensitivity Analysis of Traffic Performance 
 Effects of Sensitivity to Distance and Speed Errors  
To identify the effects of sensitivity to distance and speed errors, low sensitivity 
(Scenarios 1-2) and high sensitivity (Scenario 1-3) were compared with the base case 
scenario (Scenario 1-1). Table 4-1 shows the traffic performance by type of AV for the 
three scenarios. 
Table 4-1. Effects of sensitivity to distance and speed errors by AV type 













Base case  
(1-1) 
All AV 79.2 - 14.6 - 3251.6 - 
AC 79.3 - 13.1 - 2931.4 - 




All AV 79.2 0.0% 14.6 0.3% 3244.4 -0.2% 
AC 79.3 0.0% 13.2 0.4% 2924.4 -0.2% 




All AV 79.2 0.0% 14.6 0.1% 3241.8 -0.3% 
AC 79.3 0.0% 13.1 0.2% 2922.4 -0.3% 
AT 78.0 -0.1% 1.5 0.0% 319.4 -0.2% 
*Percentage change compared to the base case scenario. 
 
It was found that increasing or decreasing the values of k2, k3, kp and kd by 50% did not 
significantly change the average speed of both ACs and ATs. This is because changing the 
sensitivity to speed and distance differences with the lead vehicle only increased or reduced 
the time to reach similar speed as the lead vehicle but and it did not significantly increase 
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the gaps for merging vehicles to reduce the delay. Similar to the speed, density and flow 
were not significantly different among the three scenarios. 
Traffic performance was also compared among different road sections as shown in 
Table 4-2. It was found that lower and higher sensitivity to speed and distance errors 
reduced average speed for Section 3 (on-ramp section) by 7.4% and 4.1%, respectively. 
This indicates that changing sensitivity to speed and distance errors are more likely to cause 
the delay for ramp traffic than mainline traffic. This is potentially because too low 
sensitivity delays the formation of platoon for merging and too high sensitivity increases 
the fluctuation of flow on the on-ramp. However, this delay in ramp traffic did not 
significantly affect the total delay as shown in Table 4-1. 














Base case  
(1-1) 
Section 1 94.8 - 9.0 - 1706.1 - 
Section 2 94.3 - 9.1 - 1706.4 - 
Section 3 37.9 - 31.9 - 461.6 - 
Section 4 73.8 - 21.6 - 2168.4 - 




Section 1 94.9 0.1% 9.0 0.0% 1705.7 0.0% 
Section 2 94.3 0.0% 9.1 -0.1% 1706.7 0.0% 
Section 3 35.1 -7.4% 35.9 12.6% 458.5 -0.7% 
Section 4 74.2 0.6% 22.1 2.0% 2163.1 -0.2% 




Section 1 94.7 -0.1% 9.0 0.1% 1706.4 0.0% 
Section 2 94.2 -0.1% 9.1 0.0% 1706.0 0.0% 
Section 3 36.3 -4.1% 32.2 1.0% 455.9 -1.2% 
Section 4 73.6 -0.3% 21.8 0.9% 2161.9 -0.3% 
Section 5 84.8 0.1% 13.3 -0.4% 2161.2 -0.3% 
*Percentage change compared to the base case scenario 
35 
 
 Effects of Time Gaps between AVs and between Platoons  
The effects of short time gaps (Scenarios 1-4) and long time gaps (Scenario 1-5) within 
AVs and between platoons were also compared with the base case scenario (Scenario 1-1). 
Table 4-3 compares the traffic performance by type of AV among the three scenarios.  
Table 4-3. Effects of time gaps within AVs and between platoons by AV type 















All AV 82.8 4.5% 13.9 -4.5% 3261.8 0.3% 
AC 83.0 4.6% 12.5 -4.6% 2939.6 0.3% 
AT 80.7 3.4% 1.4 -4.8% 322.2 0.6% 
Long time 
gaps (1-5) 
All AV 77.4 -2.2% 15.5 6.5% 3158.2 -2.9% 
AC 77.5 -2.3% 14.0 6.6% 2847.6 -2.9% 
AT 77.0 -1.4% 1.6 6.1% 310.6 -3.0% 
*Percentage change compared to the base case scenario. 
 
It was found that shorter time gaps increased the average speed for both AC and AT. 
When time gaps are shorter, vehicles within a platoon follow the lead vehicles more closely 
and successive platoons are closer to each other. Hence, the vehicles occupy less space per 
unit time and increased the number of available time gaps for merging of ramp vehicles. 
As a result, delay time decreased. The traffic performance was also compared among 
different road sections as shown in Table 4-4. It was found that shorter time gaps increased 
the average speed more significantly in the on-ramp section and the merge area than the 
other road sections. This indicates that shorter time gaps can help create more sufficient 




















Section 1 95.6 0.8% 8.9 -0.8% 1705.9 0.0% 
Section 2 94.7 0.4% 9.0 -0.6% 1706.5 0.0% 
Section 3 54.3 43.5% 11.4 -64.2% 466.3 1.0% 
Section 4 77.5 5.0% 15.6 -28.1% 2174.5 0.3% 
Section 5 86.1 1.5% 13.1 -1.7% 2174.5 0.3% 
Long time 
gaps (1-5) 
Section 1 93.7 -1.1% 9.1 1.2% 1706.8 0.0% 
Section 2 93.1 -1.3% 9.2 1.2% 1705.1 -0.1% 
Section 3 9.9 -73.9% 73.1 129.4% 401.9 -12.9% 
Section 4 71.0 -3.8% 28.9 33.8% 2106.1 -2.9% 
Section 5 84.0 -0.8% 13.1 -2.2% 2105.5 -2.9% 
*Percentage change compared to the base case scenario. 
 
 Effects of Maximum Platoon Size  
To investigate the effects of maximum platoon size on the delay, low platoon size (= 3) 
(Scenario 1-6) and high platoon size (= 7) (Scenario 1-7) were compared with the base case 
scenario (platoon size = 5). As shown in Table 4-5, high maximum platoon size slightly 
increased the average speed and low maximum platoon size slightly decreased the average 
speed. However, the effect of changing the maximum platoon size on traffic performance 
was not significant. 
Table 4-5. Effects of maximum platoon size by AV type 
















All AV 77.8 -1.7% 15.0 2.9% 3239.6 -0.4% 
AC 77.9 -1.8% 13.5 2.9% 2920.8 -0.4% 




All AV 79.6 0.5% 14.5 -0.7% 3255.0 0.1% 
AC 79.7 0.5% 13.0 -0.7% 2933.6 0.1% 
AT 78.2 0.2% 1.5 -0.7% 321.4 0.4% 
*Percentage change compared to the base case scenario. 
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The effects of maximum platoon size were also compared among different road sections 
as shown in Table 4-6. It was found that high maximum platoon size significantly increased 
the average speed in the on-ramp section. This indicates that higher number of AVs in 
platoons increased the number of sufficient gaps for merging at the merge area, which 
facilitated the entry of ramp vehicles.  

















Section 1 94.6 -0.2% 9.0 0.2% 1705.6 0.0% 
Section 2 94.1 -0.3% 9.1 0.2% 1706.1 0.0% 
Section 3 24.2 -36.0% 51.6 61.8% 456.9 -1.0% 
Section 4 72.5 -1.8% 25.2 16.6% 2160.8 -0.4% 




Section 1 94.8 0.0% 9.0 0.0% 1706.1 0.0% 
Section 2 94.3 0.0% 9.1 -0.1% 1706.4 0.0% 
Section 3 42.1 11.1% 24.5 -23.2% 464.1 0.5% 
Section 4 74.2 0.5% 21.0 -2.6% 2171.1 0.1% 
Section 5 85.0 0.3% 13.3 -0.4% 2170.0 0.1% 
*Percentage change compared to the base case scenario. 
 
 Effects of Cooperative Lane-changing  
The effects of cooperative lane-changing (CLC) on the delay were evaluated based on 
the comparison of the traffic performance between the scenarios with and without CLC as 
shown in Table 4-7. As shown in the table, the average speed significantly increased for 
both AC and AT, which is the highest increase in speed among other scenarios. This shows 






Table 4-7. Effects of cooperative lane-changing by AV type 















All AV 88.1 11.3% 13.6 -7.0% 3255.0 0.1% 
AC 88.4 11.4% 12.2 -6.9% 2934.0 0.1% 
AT 85.9 10.0% 1.4 -7.5% 321.0 0.2% 
*Percentage change compared to the base case scenario. 
 
Table 4-8 also shows that CLC significantly increased the average speeds in the on-
ramp and the merge area whereas it did not significantly increase the sections upstream of 
the merge area. This indicates that mainline vehicles’ advanced lane changes to cooperate 
merging can effectively increase the number of sufficient gaps for merging at the merge 
area without causing the delay upstream of the merge area.  
















Section 1 94.8 0.0% 9.0 0.0% 1706.1 0.0% 
Section 2 93.4 -1.0% 9.2 1.1% 1706.5 0.0% 
Section 3 58.4 54.3% 8.0 -74.8% 464.5 0.6% 
Section 4 83.5 13.1% 9.2 -57.4% 2170.5 0.1% 
Section 5 91.9 8.4% 12.0 -10.2% 2170.0 0.1% 
*Percentage change compared to the base case scenario. 
 
 Sensitivity Analysis of Acceleration Distribution 
Although the traffic performance was improved in some of the above scenarios, the 
traffic performance measures (e.g., average speed) are aggregated values of all AVs which 
may not capture the variability of individual AVs’ maneuvers within a traffic stream. In 
particular, the variations in speed or acceleration/deceleration are closely related to 
individual AV drivers’ comfort – i.e., smaller variations in speed or lower acceleration and 
deceleration of AVs are associated with smoother vehicle maneuvers and higher drivers’ 
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comfort. Thus, the effects of the controlling parameters of ACC/CACC on the distribution 
of acceleration were investigated using individual vehicle trajectories extracted from 
AIMSUN for the 8 scenarios. The vehicle trajectories keep track of position of individual 
AVs in every 0.1 s. The trajectories also include the type of AV (AC or AT), section 
number, lane number, speed and acceleration. Since the effects of parameters on the traffic 
performance were only significant in the on-ramp and merging area as shown in Section 
4.1, the trajectories for Sections 3 and 4 were only analyzed. 
 Effects of Sensitivity to Distance and Speed Errors  
The distribution of acceleration was compared among low (1-2), medium (1-1) and high 
(1-3) sensitivity to distance and speed errors as shown in Figure 4-1. Figure 4-1(a) shows 
that higher acceleration and deceleration occurred more frequently as the sensitivity 
increased. This indicates that higher sensitivity will make drivers feel less comfortable due 
to higher changes in speed. 
Moreover, increasing the sensitivity did not significantly change the distribution of 
acceleration for AC as shown in Figure 4-1(b) whereas it significantly increased the 
frequency of high acceleration and deceleration for AT as shown in Figure 4-1(c). Thus, 
AT drivers are more likely to experience more frequent changes in speed than AC drivers 





(a) All AV 
   
(b) AC                                                          (c) AT 
Figure 4-1. Effects of sensitivity to distance and speed errors on distribution of 
acceleration at the on-ramp and merging sections 
 
The average acceleration of all AVs, ACs and ATs were also compared with the average 
speed (refer to Table 4-1) for each sensitivity in Figure 4-2. The average acceleration was 
calculated as an average of absolute values of acceleration and deceleration. The figure 
shows that increasing the sensitivity to distance and speed errors generally increased the 
average acceleration, particularly for AT (Figure 4-2(c)), whereas it did not significantly 
increase the average speed. Thus, it is not recommended to increase the sensitivity to 


































































































































(a) All AV 
     
(b) AC                                                          (c) AT 
Figure 4-2. Average speed and acceleration at the on-ramp and merging sections for 
different sensitivity to distance and speed errors 
 
 Effects of Time Gaps between AVs and between Platoons 
The distribution of acceleration was compared among short (1-4), medium (1-1) and 
long time gaps (1-5) as shown in Figure 4-3. Figure 4-3(a) shows that higher acceleration 
and deceleration occurred more frequently as the time gaps decreased. Thus, shorter time 
gaps will make drivers feel more uncomfortable due to higher changes in speed. A similar 




















































































































































(a) All AV 
 
  
(b) AC                                                          (c) AT 
Figure 4-3. Effects of time gaps between AVs and between platoons on distribution 
of acceleration at the on-ramp and merging sections 
 
However, longer time gaps increased the frequency of high acceleration and 
deceleration for AT as shown in Figure 4-3(c). These opposite trends indicate that 
increasing the time gaps can make AC drivers feel more comfortable due to less frequent 
hard acceleration and deceleration but it can make AT drivers feel less comfortable due to 
more frequent hard acceleration and deceleration and vice versa. 
The average acceleration was also compared with the average speed (refer to Table 4-

































































































































gaps generally decreased the average speed and the average acceleration for all AVs as 
shown in Figure 4-4(a). However, increasing the time gaps rather increased the average 
acceleration for AT as shown in Figure 4-4(c). This indicates that ATs are more likely to 
adjust speeds to keep longer pre-specified spacing with the lead vehicles or the preceding 
platoons. Thus, although longer time gaps can make AC drivers more comfortable, but they 
can make AT driver less comfortable. 
 
(a) All AV 
 
(b) AC                                                          (c) AT 
Figure 4-4. Average speed and acceleration at the on-ramp and merging sections for 






















































































































































 Effects of Maximum Platoon Size  
The distribution of acceleration was compared among low (1-6), medium (1-1) and high 
maximum platoon sizes (1-7) as shown in Figure 4-5. Figure 4-5(a) shows that higher 
acceleration and deceleration occurred less frequently as the maximum platoon size 
increased. Thus, increasing the maximum platoon size makes drivers feel more comfortable 
due to lower changes in speed. A similar trend was observed for AC and AT as shown in 
Figure 4-5(b) and (c). 
 
(a) All AV 
  
(b) AC                                                          (c) AT 
Figure 4-5. Effects of maximum platoon size on distribution of acceleration at the 












































































































































The average acceleration was also compared with the average speed (refer to Table 4-
5) for low, medium and high maximum platoon sizes in Figure 4-6. It was found that 
increasing the maximum platoon size did not significantly change the average speed and 
the average acceleration for all AVs as shown in Figure 4-6(a). However, increasing the 
maximum platoon size slightly reduced the average acceleration for AT as shown in Figure 
4-6(c). This indicates that longer platoons can make AT drivers more comfortable. 
 
(a) All AV 
 
(b) AC                                                          (c) AT 
Figure 4-6. Average speed and acceleration at the on-ramp and merging sections for 





















































































































































 Effects of Cooperative Lane-changing  
The distribution of acceleration was compared between no CLC (1-1) and CLC (1-8) 
scenarios as shown in Figure 4-7. It was found that higher acceleration and deceleration 
occurred more frequently for both AC and AT when CLC was implemented. This is 
because CLC increased the mainline vehicles’ number of lane changes to cooperate with 
merging vehicles and it also increased the mainline vehicles’ changes in speed to provide 
longer gap for merging vehicles. Consequently, CLC can make drivers feel less 
comfortable due to more frequent changes in speed.  
 
(a) All AV 
  
(b) AC                                                          (c) AT 
Figure 4-7. Effects of cooperative lane-changing on distribution of acceleration at 






























































































































Figure 8 compares the average acceleration and the average speed (refer to Table 4-7) 
between no CLC and CLC scenarios. It was found that CLC increased both average speed 
and average acceleration for all AVs. Thus, although CLC can reduce the delay, it will 
make AV drivers less comfortable. This indicates that there is a trade-off between delay 
reduction and driver’s comfort when CLC is implemented.  
 
(a) All AV 
 
(b) AC                                                          (c) AT 
Figure 4-8. Effects of cooperative lane-changing on Average speed and acceleration 
at the on-ramp and merging sections 
 
 
 Sensitivity Analysis of Merging Time 
Although the delay mainly occurred at the on-ramp and merging sections based on the 










































































































































vehicles could not be captured as the data were from all vehicles including the mainline 
vehicles in the merge area. Thus, the data for merging vehicles only were extracted from 
vehicle trajectories and their merging times were compared among different scenarios.  
In this study, merging time is defined as the time it takes for a merging vehicle’s lane 
change from the beginning of the acceleration lane to the outer lane in the mainline freeway 
as shown in Figure 4-9. It should be noted that the AVs in the acceleration lane merge into 
the mainline freeway sequentially in AIMSUN. In other words, the AV in the acceleration 
lane can merge only after the preceding AV merges into the mainline freeway. Thus, this 
merging process can greatly increase the merging time when the number of sufficient gaps 
for merging is limited in the mainline traffic. 
 
Figure 4-9. Measurement of merging time 
 
First, it was found that merging time increased as the sensitivity to distance and speed 
errors increased as shown in Table 4-9(a). This result is similar to the previous result that 
the average speed decreased at the merging section as the sensitivity increased. Thus, this 
result verifies that the increased delay in the merging section was due to the delay for 
merging vehicles. The result also shows that ATs experienced longer delay in merging than 
ACs in all scenarios.   
Beginning of 
acceleration lane 
Time of lane change from the 
acceleration lane to the outer lane 
in mainline freeway 
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Table 4-9. Comparison of average merging time (seconds) 
(a) Sensitivity to distance and speed errors 
Scenarios All AC AT 
Low sensitivity (1-2) 47.5 47.0 52.5 
Medium sensitivity (1-1) 50.6 50.3 53.1 
High sensitivity (1-3) 51.7 51.0 57.7 
 
(b) Time gaps between AVs and between platoons 
Scenarios All AC AT 
Short time gaps (1-4) 25.6 25.5 26.4 
Medium time gaps (1-1) 50.6 50.3 53.1 
Long time gaps (1-5) 154.5 154.0 159.0 
 
(c) Maximum platoon size 
Scenarios All AC AT 
Low max. platoon size (1-6) 46.6 46.0 51.6 
Medium max. platoon size (1-1) 50.6 50.3 53.1 
High max. platoon size (1-7) 46.0 45.4 51.6 
 
(d) Cooperative lane-changing 
Scenarios All AC AT 
No CLC (1-1) 50.6 50.3 53.1 
CLC (1-8) 6.7 6.6 7.2 
 
 
On the other hand, the merging time increased as the time gaps increased as shown in 
Table 4-9(b). In particular, the merging time was almost three times longer for the long 
time gaps scenario than the medium time gaps scenario. This is because longer time gaps 
reduced the number of available time gaps for merging and increased the chances of AVs’ 
waiting in the acceleration lane. Since AVs are allowed to merge only after the preceding 
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AVs merge in this study, long waiting time for one merging AV can substantially increase 
the merging for all subsequent AVs.   
However, the effect of maximum platoon size on the merging time was not conclusive 
because the merging times were shorter for low and high maximum platoon size than 
medium platoon size (Figure 4-9(c)). This is potentially because the mix of ACs and ATs 
in platoons, not only the number of AVs in platoons, affected the merging time. 
Lastly, cooperative lane-changing greatly reduced the merging time compared to no 
CLC scenario as shown in Figure 4-9(d). This shows that CLC can effectively create 
sufficient gaps in the outer lane of mainline traffic at the merge area and facilitated merging. 
Due to this significant reduction in the merging time, CLC showed the highest average 
speed among all the scenarios. 
 Sensitivity Analysis of Time Gaps and Percentage of AT 
In Section 4.1, short time gaps can effectively increase the average speed for both AC 
and AT, and reduce the delay when the percentage of AT was 10%. However, short time 
gaps may not always provide the benefit of delay reduction when the percentage of AT is 
higher because it is more difficult for ATs to merge with shorter time gaps than ACs due 
to longer merging time for ATs (refer to Section 4.3). Thus, the effects of time gaps on 
traffic performance at two other percentages of AT (0% (i.e., AC only) and 20%) were 
compared with 10% AT. 
As shown in Table 4-10(a), the average speed was generally higher when the time gaps 
were shorter for 0% AT similar to 10% AT (refer to Section 4.1.2). However, the average 
speed was rather higher when the time gaps were higher for 20% AT. It appears that higher 
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time gaps increased the number of longer gaps which are more suitable for ATs and 
allowed higher number of ATs to merge with lower delay. 
Table 4-10. Effects of time gaps between AVs and between platoons 
(a) 0% AT 


























All AV 77.04 -5.8% 15.39 8.4% 3275.2 -0.4% 
 
(b) 20% AT 
















All AV 78.97 0.9% 14.66 -2.3% 3254.4 2.3% 
AC 79.57 1.1% 11.76 -2.4% 2617.4 2.2% 
AT 76.47 0.3% 2.9 -2.4% 637.0 2.6% 
Medium 
time gaps  
(2-5) 
All AV 78.25 - 15.01 - 3181.8 - 
AC 78.73 - 12.05 - 2561.2 - 




All AV 79.46 1.5% 15.39 2.5% 3043.6 -4.3% 
AC 79.71 1.2% 12.37 2.7% 2456.4 -4.1% 
AT 78.38 2.8% 3.02 1.7% 587.2 -5.4% 
 
Also, the average speed was compared for each time gaps scenario among three different 
percentages of AT as shown in Figure 4-10. It was found that the average speed generally 
decreased as the percentage of ATs increased for low and medium time gaps. However, 
the average speed rather increased with percentage of ATs for long time gaps. This shows 
that longer time gaps between AVs and between platoons are more effective in reducing 
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the delay when the percentage of ATs is higher. This is potentially because longer time 
gaps allowed more ATs to merge faster. In other words, considering larger size of ATs than 
ACs, ATs could change lane more easily with longer available time gaps.  
However, it is expected that the delay would not consistently decrease as the percentage 
of ATs increases (e.g., 30%, 40%, etc.). As the percentage of ATs increases, ATs will 
occupy more spaces due to their larger size and longer platoons will form. This will reduce 
the available space for ATs to change lane for merging and the delay will rather increase. 
 
Figure 4-10. Comparison of average speed among different time gaps and 
percentages of AT 
 
The average speed was also compared among different road sections as shown in Table 
4-11. Similar to the result for 10% AT (refer to Table 4-3), the average speed was 
significantly higher at the on-ramp and merging sections for short time gaps at 0% and 20% 
AT. However, the average speed at the merging section (Section 4) was almost the same 
between long time gaps and medium time gaps (base case) at 20% AT (71.4 km/h and 71.0 
km/h, respectively) whereas the average speed was lower for long time gaps than medium 
































73.8 km/h, respectively). This shows that longer time gaps are more effective in reducing 




Table 4-11. Effects of time gaps by road section at 0% AT 

















Section 1 95.93 0.9% 13.45 -0.9% 2578.4 0.0% 
Section 2 95.24 0.5% 13.61 -0.5% 2579.4 0.0% 
Section 3 59.32 6.0% 12.94 -18.3% 706.2 0.0% 
Section 4 81.14 3.6% 19.91 -21.9% 3287.6 0.0% 
Section 5 90.48 0.8% 19 -1.0% 3288 -0.1% 
Medium 
time gaps  
(2-2) 
Section 1 95.1 - 13.57 - 2578.8 - 
Section 2 94.81 - 13.68 - 2579.8 - 
Section 3 55.95 - 15.83 - 706.2 - 
Section 4 78.33 - 25.49 - 3288.2 - 




Section 1 93.86 -1.3% 13.74 1.3% 2578 0.0% 
Section 2 93.44 -1.4% 13.87 1.4% 2579.2 0.0% 
Section 3 27.29 -51.2% 72.47 357.8% 699 -1.0% 
Section 4 73.04 -6.8% 41.99 64.7% 3274.6 -0.4% 
Section 5 89.13 -0.7% 19.23 0.2% 3275.2 -0.4% 

















Section 1 95.58 0.8% 8.89 -0.8% 1703.73 -0.1% 
Section 2 94.57 0.5% 9.05 -0.4% 1705.73 0.0% 
Section 3 26.99 81.5% 45.25 -24.3% 464.26 12.1% 
Section 4 71.57 0.9% 22.42 -9.1% 2170.26 2.3% 
Section 5 82.29 -0.3% 14.05 2.6% 2169.6 2.3% 
Medium 
time gaps  
(2-5) 
Section 1 94.78 - 8.96 - 1705.2 - 
Section 2 94.1 - 9.09 - 1706 - 
Section 3 14.87 - 59.8 - 414 - 
Section 4 70.96 - 24.66 - 2122 - 




Section 1 93.76 -1.1% 9.07 1.2% 1706.26 0.1% 
Section 2 92.94 -1.2% 9.21 1.3% 1706.13 0.0% 
Section 3 6.36 -57.2% 68.96 15.3% 321.2 -22.4% 
Section 4 71.48 0.7% 27.26 10.5% 2029.2 -4.4% 
Section 5 82.96 0.5% 13.08 -4.5% 2029.06 -4.3% 
*Percentage change compared to the base case scenario. 
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CHAPTER 5 CONCLUSIONS AND RECOMMENDATIONS 
This study assessed the effects of ACC/CACC controlling parameters of AVs on the 
traffic performance, drivers’ comfort and merging time at a merge area. For this purpose, 
AC-AT mixed traffic was simulated using AIMSUN microscopic traffic simulation model 
with different parameters of controlling ACC/CACC. These parameters include distance 
and speed gains, desired time gap, time gap leader, time gap follower, maximum platoon 
size and lane-changing cooperation (CLC). Moreover, the interactions between different 
time gaps with different percentages of ATs and their effects on delay time was studied. 
The primary findings of this research are summarized as follows: 
1) Changing the sensitivity to speed and distance errors did not affect the values of 
average speed, density and flow of ACs and ATs, and would not significantly 
reduce the delay time at the merge area. However, increasing the sensitivity to 
speed and distance errors yielded to the occurrence of higher acceleration and 
deceleration, particularly for AT drivers. It also increased the merging time of 
both ACs and ATs. Hence, higher sensitivity to speed and distance errors would 
not be an appropriate strategy to reduce the delay time at the merge area and to 
increase the comfortability. 
2) Simulation results showed that shorter time gaps between ACC and CACC 
vehicles increased the average speed of both ACs and ATs, particularly in the 
on-ramp section and the merge area. This was associated with longer gaps for 
ramp vehicles and lower delay time. However, shorter time gaps resulted in 
higher acceleration and deceleration frequency for ACs, but they have opposite 
effect on ATs. Therefore, although shorter time gaps can make AC drivers less 
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comfortable, they can cause more comfort for AT drivers. In addition to these, 
longer time gaps increased the merging time and would decrease the available 
gaps for merging. Hence, in general, the implication of shorter time gaps would 
be an efficient strategy to reduce the delay time at the merge area. 
3) Changing the maximum platoon size did not affect traffic performance 
significantly. However, high maximum platoon size increased the speed in the 
on-ramp section remarkably showing more available gaps for merging 
maneuvers. Also, as maximum platoon size increased, higher acceleration and 
deceleration appeared less frequently for both ACs and ATs, and drivers would 
be more comfortable. However, maximum platoon size did not have specific 
effects on merging time. Hence, a higher maximum platoon size can be 
considered as an appropriate strategy to reduce the delay time at the merge area 
and more comfortable driving. 
4) CLC resulted in the highest increase in average speed and the highest decrease 
in the delay time of both ACs and ATs compared to other scenarios. The 
significant increase in average speed in the on-ramp and the merge area (i.e. 
significant reduction in merging time) and a slight increase in the average speed 
of upstream sections indicated that CLC would increase available gaps in the 
merge area without changing the delay time in upstream sections. However, 
owing to the increase in the number of lane-changes (LCs) in upstream and 
merge areas, CLC resulted in higher acceleration and deceleration frequency for 
both ACs and ATs. Hence, the driving comfortability will be degraded. Hence, 
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it can be argued that, although CLC reduced the delay time, it decreases the 
driving comfortability. 
5) As for the low percentages of ATs (0% and 10%), shorter time gaps resulted in 
higher average speeds, while for higher percentages of ATs (20%), longer time 
gaps resulted in higher average speeds. This indicates that in the case of the high 
percentage of ATs, longer time gaps would result in a reduction in the delay time. 
The main contributions of this study are as follows: 
1) Unlike previous research on the impacts of AVs on the delay at a merge area, this 
study considered the heterogeneity of AV-only traffic (i.e., ACs and ATs, and 
percentage of ATs) and the interactions between ACs and ATs.  This study also 
analyzed the distribution of individual vehicles’ acceleration which is closely 
related with the drivers’ comfortability of driving AVs. The latter is one of the most 
important issues that must be considerer to reveal the efficiency of AVs. 
2) This research developed controlling strategies to reduce the delay time at a merge 
area for AVs based on conducting sensitivity analysis of ACC/CACC parameters. 
Towards this end, ACC/CACC tools can be modified as they arrived at the merge 
area to reduce the delay time.  
3) The study also proposed consideration of cooperative lane-changing (CLC) 
parameters to investigate the effects of advanced LC of upstream vehicles on the 
delay time at a merge area. CLC using V2V communication is a tool that can 
improve traffic performance efficiency. Hence, its application and obtained 
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benefits must be considered to encourage the implementation of V2V and V2I 
communication more efficiently.  
4) ATs differ from ACs in terms of performance owing to the larger size and heavier 
weight. Time gaps between AVs and between platoons play important role in 
reducing the delay time since they affect available gaps for merging significantly. 
Hence, this study considered the effects of different percentages of ATs on the 
delay time considering different time gaps. This would assist in selecting the most 
appropriate modification in ACC/CACC tools to reduce the delay time. 
However, there are a number of limitations in this study. First, the values of speed and 
distance, desired time gaps, time gap leader and time gaps follower were selected based on 
previous studies which were conducted for AC-only and AT-only traffic separately and 
default values of AIMSUN software. Thus, these parameter values do not properly account 
for interaction between different types of AV (e.g., gaps between ACs and ATs within the 
same platoon) in AC-AT mixed traffic. Hence, using the values of AC-only and AT-only 
in heterogeneous platoons would affect the results owing to the possible differences in the 
behavior of ACs and ATs. Second, the same traffic demand volumes were assumed for all 
scenarios and their values were lower than the capacities of the mainline traffic and ramp 
traffic (i.e., 𝑣/𝑐 ratio was generally similar and less than 1 (i.e., uncongested)). However, 
it is expected that the impacts of ACC/CACC controlling factors are different as volume-
capacity ratio changes. It is expected that as the volume-capacity increases, ACC/CACC 
and CLC would be less effective in reducing the delay since there would be not enough 
gaps and spaces for changing speed or cooperating with other vehicles. Third, the 
interaction effects of ACC/CACC controlling parameters on the delay were not considered. 
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For example, controlling both time gaps and maximum platoon size can be more effective 
in reducing the delay than controlling only time gaps or maximum platoon size.  
For future studies, it is recommended to consider more complicated freeway geometric 
designs such as the weaving section, where a higher number of LCs occur due to the off-
ramp section. Also, in the weaving area, the effects of CLC on enhancing traffic 
performance can be studied. The effects of the slope can also be investigated especially for 
speed and distance gains parameters for AVs. besides, in this study AVs merge into 
mainline sequentially, and it is suggested to ignore this option and study its effect on delay 
time and drivers’ comfort. Developing more advanced AV control strategies with the 
balance between the delay and driver’s comfort based on the time gaps, platoon size and 
CLC is recommended as well. Finally, it is recommended to investigate the infrastructure-
based AV control using V2I communication for reducing the delay of AC-AT mixed traffic 
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